Abstract-An analytical model is developed to evaluate the performance of a cellular slotted DS CDMA system in terms of user capacity, throughput, and delay for the reverse link, i.e., from mobile to base station, considering interference from both home cell and adjacent cells. The user capacity is studied for voice communications and the throughput and delay are investigated for data communications. The effect of both imperfect power control and imperfect sectorization on the performance is investigated. It is shown that the system is rather sensitive to small power control errors and that voice activity monitoring and sectorization are good methods to improve the performance of cellular DS CDMA systems.
I. INTRODUCTION MONG SEVERAL TYPES of Code Division Multiple
A Access (CDMA), Direct Sequence CDMA (DS CDMA) is a strong candidate for future personal communications because this technique offers inherent multipath diversity and robustness to varying channel conditions [1]- [4] . In order to obtain a reasonable performance using DS CDMA systems, additional considerations are required. Three techniques proposed in the literature to increase the performance of a DS CDMA system are power control in order to combat the nearfar effect; sectorization; and voice activity monitoring in order to decrease the interference power detected at the receiving antenna. In practice power control errors occur and due to antenna imperfections, sectorization is not always perfect.
In this paper a general analytical model is presented that can be used to evaluate the influence of both imperfect power control and imperfect sectorization on the performance of two types of CDMA systems, namely voice-oriented and dataoriented systems. For the first type, the maximum user capacity is an important performance measure while for the second one, throughput and delay characteristics are appropriate performance parameters. An analytical model is developed assuming that the data-oriented system is slotted and simultaneous transmission of two or more packets is permitted. If the actual number of transmitting packets exceeds the value of the maximum capacity, then all packets are destroyed. In both systems only the reverse link, i.e., from mobile to base station is considered. Manuscript received January I I . 1994 : revised March 9, 1994 accepted The authors are with the Telecommunications and Traffic Control Systems IEEE Log Number 940734 I . April 22, 1994. Group, Delft University of Technology. 2600 CA Delft, The Netherlands.
In Section I1 the principles of CDMA are discussed briefly and the performance enhancing techniques mentioned above are described. In Sections 111 and IV, respectively, the models for the capacity analysis and the throughput and delay analysis are explained. Section V shows the computational results and, finally, in Section VI conclusions and recommendations are presented.
CELLULAR DS CDMA
In a direct sequence spread spectrum system the data signal at the transmitter is multiplied by a pseudo-random user-specific code sequence waveform. At the receiver the original data can be recovered by correlating the received spread spectrum signal with the correct code sequence. If code sequences with good correlation properties are used, after the correlation operation the unwanted signals appear as noise-like signals with a very low power density spectrum. In order to establish the spreading effect, the duration T, of a code symbol (chip) must be chosen much smaller than the duration T b of a data symbol. Therefore the bandwidth B,, of the transmitted spread spectrum signal is much larger than the bandwidth B, of the original data signal. The ratio between transmitted and original bandwidth is defined as the processing gain:
(1)
In practice, this number depends on the specific modulation method. We will however use the following approximation:
where Tb is the bit duration and T, is the chip duration.
Since two code sequences with a relative delay of more than two chip times usually have a low correlation value compared to the fully synchronized situation, DS CDMA offers the possibility to distinguish between paths with a relative delay of more than two chip times. This is called the inherent diversity of DS CDMA, implying that it is possible to resolve a number of paths separately using only one receiver. This property makes DS CDMA suitable for applications in mobile radio environments that are usually corrupted with severe multipath effects.
It is well known that one of the most serious problems faced by a DS CDMA system is the multi-user interference. Because all users are transmitting in the same frequency band and 0018-9S4S/95$04.00 0 1995 IEEE the crosscorrelations of the codes are rarely zero, the signalto-interference ratio and hence the performance decreases as the number of users increases, which shows that DS CDMA is an interference-limited rather than a noise-limited system. The near-far effect plays an especially important role when considering multi-user interference. The near-far effect can be explained by considering the reverse link. Due to the pathloss law (which implies that the received power decreases as the transmitter-receiver distance increases), a close user will dominate over a user located at the cell boundary. The pathloss law is usually described by assuming that the received power P,. is proportional to the distance d to the power p:
where ,l 3 is the path-loss law exponent. In the case of free space propagation, the value of ,l 3 is 2. In a practical mobile radio environment the value of ,l 3 is in the range of 3 to 5 , which is caused by the fact that the radio waves are reflected and partially absorbed by objects between receiver and transmitter and by the surface of the earth. In order to combat the nearfar effect, power control can be used. There are two other important techniques to reduce the multi-user interference in a cellular DS CDMA system. The first one is sectorization, which is established by using sectorized antennas at the base station, implying that only interference signals are received from within a limited angle. The second important technique is voice activity monitoring. A system using voice activity monitoring prevents a mobile from radiating power during speech pauses. A complication in a cellular system is the fact that a base station not only receives interference from users within its own cell (intra-cell interference) but also from users in other cells (inter-cell interference).
A. Power Control
Power control can be established by letting the base station continuously transmit a (wideband) pilot signal that is monitored by all mobile terminals. According to the power level detected by the mobile, the mobile adjusts its transmission power. Hence mobiles near the cell boundary transmit at a lower power level than mobiles located close to the base station. This is open loop power control. It is also possible to use closed loop power control as is suggested in [ 5 ] and [6]. In this case the base station measures the energy received from a mobile and controls the transmit power of the mobile by sending a command over a (low data rate) command channel. In a practical power control system, power control errors occur, implying that the average received power at the base station may not be the same for each user signal.
The performance of a power control system depends on the power control algorithm, speed of the adaptive power control system, dynamical range of the transmitter, spatial distribution of users, and propagation statistics (such as fading and shadowing). All these factors influence the probability density function (pdf) of the received power. Since the objective here is to investigate the influence of power control imperfections on the system performance, the explicit influence of the factors mentioned above on the pdf of the average received power is not investigated and it can be a subject for future study.
Investigations on DS CDMA have shown that the pdf of the received power P due to the combined influence can be assumed to be log normal [ll, [2] . (4) where the imperfection in the power control system is determined by the logarithmic standard deviation (T of the lognormal power distribution of the received signal. In the case of perfect power control the logarithmic standard deviation is 0 dB.
There are a number of motivations for choosing a lognormal distribution for the individual received power. First, the received power at the base station depends on a lot of independent factors. It can be assumed that each factor gives a contribution in dB to the received power. Using the central limit theorem it is clear that the logarithm of the received power is Gaussian-distributed, implying that the received power is lognormally distributed. The second motivation is that this model provides a means to investigate the influence of imperfect power control analytically. A third is data provided in [SI, [6] , where it is shown that the received signal to noise ratio is log-normally distributed with standard deviation between 1 and 2 dB. Assuming constant noise power, this implies that the received power can be modeled as a lognormal variable.
If a number of k mobiles is transmitting and if the power of each mobile is controlled individually, then the total received interference power PI is the summation of k: independent identically log-normally distributed random variables denoted by Pi: Fenton [lo] showed that the pdf of PI for k: users is approximately log-normal with the following logarithmic mean vir( k ) and logarithmic variance o?(k):
This method is valid for a logarithmic standard deviation (T less than 4 dB.
B . Sectorization
The multi-user interference received at the base station can be reduced by dividing a cell into a number of sectors by means of directional antennas. In the case of perfect directional antennas there is a sharp separation between the sectors. Due to overlap and sidelobe anomalies of practical antennas the base station still receives some interference from users in other sectors. This effect can be studied by modeling 
C. Voice Actiiity Monitoring
Voice activity monitoring implies that the transmitter is not active during silent periods in human speech. It is possible to detect a silent period in the speech signal and let the transmitter stop transmitting during this period. Voice activity factors between 35% and 40% are reported in [3] and [4] . Studies done in Europe suggest that the total activity due to voice and background noise is higher in a mobile environment than in a wireline system and can have values between 50 and 60% [7] . When using voice activity monitoring, the probability that k out of Sri interferers are active can be described by a binomial 
where a is the voice activity factor. The effect of the voice activity factor on the CDMA capacity is investigated in this paper.
D. Intes-Cell Intesfesence
In a cellular system, each base station not only receives interference from mobiles in the home cell (intra-cell interference) but also from terminals located in adjacent cells (Fig. 2) . This kind of interference is called inter-cell interference. The principle of the CDMA protocol allows each cell to use the same frequency band, removing the need for a mobile to change its frequency when moving into another cell (soft handover). In order to model the interference received from terminals in other cells, we investigate here the interference power received by the base station in the home cell ( H ) from mobile terminals in an other cell ( 0 ) with base station separation distance d (Fig. 3) .
We have adopted a generalized version of the approach as described in [9] . For analytical convenience the hexagonal cell structure is approximated by circles with radius R. The power of terminals in cell H and cell 0 is controlled by the base station in H and 0 , respectively. In the case of perfect power control, the power received by a base station from each mobile terminal in its service area is constant. This power is denoted by S,. We assume that users are uniformly distributed in each cell with user density N ;rRL where N is the number of users per cell and R is the cell radius. The power control strategy is such that a terminal at a distance r from the base station transmits with power implying that the power received by the base station is where p is the path loss law exponent that is two in case of free space loss and lies between three and five for mobile systems.
In [9] the special case of p = 4 was considered while we derive an expression which is valid for all values of 0. From (10) and (14), (13) can be written as
In [6] a closed expression was found for the case p = 4, which we obtain from (15):
Considering now a hexagonal cellular structure (Fig. 2) , it is possible to compute the total received interference from all the cells in the system. The interference correction factor due to multiple cell interference F, is defined as the ratio of the interference power received from the outer cells (I,) and the [9] . The value 0.326 is used in all the calculations in this paper.
CAPACITY ANALYSIS
In a speech-oriented DS CDMA system, after setting-up a call each user is allowed to transmit data continuously. A very important design issue for such a system is the user capacity. A service provider will be interested in the maximum number of users that can be served simultaneously by the system with a predefined performance in a certain geographic area.
In a digital communication system such as DS CDMA, the bit error rate (BER) is an appropriate performance measure. BER calculations offer the possibility for detailed system considerations but often require complex models that can sometimes disturb the basic understanding of the system. In order to obtain a general idea about the influence of power control, sectorization, and voice activity on the capacity of a cellular DS CDMA system, a simplified model is proposed in this paper. Note that for a more detailed system investigation it is better to rely on BER models since the simplified model does not consider the effects of multipath in general.
The performance model used in this paper is based on a minimum required signal-to-interference ratio at the receiver in order to obtain a prespecified bit error rate performance. In [2] it was mentioned that irrespective of modulation method, the minimal signal to interference ratio after correlation for a bit error rate better than l o p 3 is Eb/No = 5 (7 dB). The threshold value y for the signal-to-interference ratio before correlation is 1 PG min where PG is the processing gain, which is equivalent to the number of chips per bit in this case. In a system with multiple cells and (imperfect) sectorization, the signal-to-interference ratio at the receiver is with Pi: Received power from desired terminal in home cell. PI: Intra-cell interference power from users in home cell (single isolated cell without sectorization). F,: Interference correction factor due to imperfect sectorization (8). F,, : Interference correction factor due to inter-cell interference (1 7).
The failure probability Pf is given by
In the case of imperfect power control, the received power
Pi from each mobile is modeled as a log-normal variable with zero logarithmic mean and standard deviation CT. The pdf of the total interference signal produced by (IC-1) other active terminals is approximated by a lognormal variable with logarithmic mean m~( k -1) and standard deviation a~( k -1) ((6) and (7), respectively) computed according to the method of Fenton [lo]. After some mathematical manipulations the failure probability for IC active users can be written as
where erf (.) is the error function, y is the threshold ratio for the signal-to-interference ratio, F,,, is the interference correction factor due to multiple cell interference, F, is the interference correction factor due to sectorization and m I ( k -1) and a~( k -1) are the logarithmic mean and the logarithmic standard deviation respectively of the total power received from (IC-1) users in case of imperfect power control with individual power control error a. Assuming that there are n users per cell (n 2 IC), each with voice activity a, then the failure probability is
The user capacity is now defined as the maximum number of users per cell with voice activity a such that the failure probability is less than 0.01.
Iv. THROUGHPUT AND DELAY ANALYSIS
For transmission of computer data, a packet communications schedule can be more efficient than using a circuit switched protocol. In this section we consider a slotted system, implying that that each user is allowed to transmit packets only at fixed time instants. In a packet network, throughput and delay are appropriate parameters, rather than maximum user capacity. The throughput determines the average number of successfully received packets per time slot, given a certain amount of traffic. For a certain amount of throughput it is important to know what will be the average delay of a packet. The throughput is defined as the average number of successfully received packets per time slot:
where N is the number of users per cell, P, ( k ) is the packet success probability and Pt(IC) is the probability of a packet transmitted with k -1 other packets.
It is assumed that a total of nf independent failures can occur within one time slot. This number in general depends on the length of a time slot Tslot and the average time between two failures T,, and is defined as:
A Tslot nf=,. "
1.3,
Now the packet success probability P,(k) defined as the probability of a test packet not being destroyed by (IC-1) interfering packets is (25) with Pf(IC) being the failure probability given by (21). Although it is difficult to implement power control to packet transmission due to short packet duration, the present analysis is based on power control for simplicity.
Because the number of simultaneous terminals is limited, the offered traffic is assumed to have a binomial distribution. The probability of a packet transmitted with IC-1 other packets Pk is then given by
where G is the average number of offered packets per time slot. Here it is assumed that the offered traffic consists of new packets and retransmission packets. Another important performance parameter for a slotted packet network is the delay, which is defined as the average time between the generation and successful reception of a packet. Assuming a positive acknowledgment scheme and no transmission errors in the acknowledgment packets, the expression for the delay in a slotted DS CDMA system is 
1 where S is the mean of the retransmission delay, which is uniformly distributed over the range from which the retransmission delay is selected, S is the throughput and G is the offered traffic. Note that the delay in (27) is normalized on the slot time.
V. RESULTS
All figures presented is this section are valid for the reverse link. First the results are given for the capacity, i.e., the maximum number of users per cell. For all results, arbitrary PN sequences with 255 chips per bit are assumed, implying a processing gain PG = 255. Fig. 5 shows the influence of power control imperfections on the capacity for a DS CDMA system with only one cell and for a system with multiple cells. In the multiple cell case the inter-cell interference was modeled as a fraction of the intra-cell interference using (17) where we assumed a path loss law exponent / 3 = 4. In case of perfect power control, the maximum capacity shows a decrease of 25% when considering multiple cells instead of a single cell. For lower values of , 3 the decrease in capacity due to multiple cell interference will be higher. Fig. 5 also shows that the system is very sensitive to power control errors; a power control error of only 1 dB gives a capacity reduction of about 60%. A power control error of 1 dB is interpreted as the standard deviation of 1 dB around the desired power level. In [5] it was concluded that a standard deviation of 2.5 dB causes a reduction in capacity of only 20%. In [SI, however, it was assumed that an outage occurs if the interference power density exceeds the background noise level by 10 dB whereas in our paper an outage occurs if the signal-to-noise-ratio after correlation exceeds a predefined value (&/No = 5 (7 dB)). This explains the difference in capacity reduction. Fig. 6 shows that the capacity decreases as the voice activity factor increases. If the processing gain is increased, i.e., if the number of chips per bit is increased, then the maximum number of users increases at the cost of more required bandwidth (since the chip duration must decrease in order to keep the data rate fixed). As expected, the capacity increases with the increase in the degree of sectorization, which is shown in Fig. 7 . Furthermore it can be seen from Fig. 7 that the capacity decreases as the overlap angle due to imperfect sectorized antennas increases. The model with the uniform antenna gain pattern and the overlap angle is a drastic simplification of real antenna gain patterns but it simplifies the calculations tremendously. It suggests to transform real antenna gain patterns into uniform patterns analogously to modeling thermal filtered noise by the noise equivalent bandwidth. In a packet-oriented DS CDMA system the throughput and delay characteristics are more appropriate performance parameters than the maximum user capacity. For all the following figures it is assumed that on the average one fade per packet occurs ( n f = 1) and that the processing gain PG again is 255. The throughput is given per cell and the delay is measured in time slot units. For the delay calculations we assumed a mean retransmission delay S = 10 slot times. Fig. 8(a) and (b) shows the influence of power control imperfections on the throughput and delay, respectively. It is clear that again the performance decreases as the power control error increases. A decrease in performance implies here that the maximum throughput is lower and that the delay corresponding to a throughput value is higher. From Fig. 8(a) it is clear that for high traffic loads the throughput increases for higher power control errors. This can be explained by considering that in the case of perfect power control the failure probability always equals 1 if the number of users exceeds the maximum capacity. This is not the case if we have imperfect power control (a 2 0 dB). Because of the tail of the log-normal distribution, there is always a probability that a few users are successful although the total number of users exceeds the maximum capacity. Then the failure probability decreases as the variance in the received power due to power control errors increases. Note that this effect occurs in the overload region. The influence of sectorization (perfect) on the throughput and delay is depicted in Fig. 9(a) and (b) . As expected, the performance increases with increasing number of sectors. From Fig. 9(a) it can be seen that the maximum throughput is better than proportional, i.e., the maximum throughput for D = 3 and D = 6 is higher than 3.S at D = 1 and 6.S at D = 1 respectively. In order to explain this it is first of all important to observe that the average number of offered packets at the maximum throughput is below the maximum capacity (maximum number of simultaneously transmitting users). This is caused by the fact that already for values of average offered traffic less than the maximum capacity there is a probability that the actual number of offered packets exceeds the maximum capacity. The maximum capacity of the cell is of course exactly proportional to the number of sectors in the cell. Since the total user population for each cell is the same for the sectorization schemes we considered ( N = 200), the expression for the probability of having k simultaneous packets in one entire cell (Pt(k)) is the same. The probability of increasing a maximum user capacity of 50 users is then higher than the probability of increasing a maximum user capacity of 150 users. This implies that the difference between the maximum offered traffic and the maximum capacity decreases with an increasing degree of sectorization and explains that the maximum throughput increases more than proportionally in our model. Finally, Fig. 10 (a) and (b) shows the influence of antenna imperfections on the throughput and delay of a slotted DS CDMA system. The performance decreases as the overlap angle due to imperfect directional antennas increases.
VI. CONCLUSION AND RECOMMENDATIONS
A general model has been presented in this paper that is suitable to evaluate the reverse link performance of a cellular DS CDMA system in terms of maximum user capacity, throughput, and delay. The multiple cell interference is modeled analytically for an environment with path loss law exponent p. In order to keep the model comprehensible and to investigate global effects of power control, sectorization and voice activity monitoring, effects of shadowing, and multipath propagation have not been considered. Results have been presented in this paper for a path loss law exponent ,Ll = 4. Voice-oriented as well as data-oriented systems were evaluated and the effects of imperfect power control and imperfect sectorization were studied. It was shown that a power control error of 1 dB leads to a capacity loss of 50 to 60%. Furthermore, an overlap degree of 15" due to imperfect sectorization in a system with three sectors per cell causes a capacity reduction of 20%. This decrease in performance can not only be seen due to the lower maximum user capacity but also due to lower maximum throughput and higher delay.
The model described in this paper is appropriate for investigating general system properties in a very clear way and can be used to obtain a first general idea of the effects of voice activity monitoring, power control, and sectorization on the performance. In order to obtain more detailed information, however, it is recommended that shadowing effects, multipath statistics, and consideration of BER performance be included. This will be the subject of future study. r JANSEN AND PRASAD: CELLULAR DS CDMA SYSTEM WITH IMPERFECT POWER CONTROL Michel G. Jansen received the Ir (M.Sc. E.E.) degree in electrical engineering from Delft University of Technology. The Netherlands in 1992. His dissertation was on the effects of imperfect power control on the capacity of DS CDMA networks.
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